To assess the accuracy of positron emission tomography (PET) for evaluation of coronary artery disease (CAD) 
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Circulation Vol 79, No 4, Aptil 1989 criterion but high specificity according a 40% stenosis criterion.
Second, sensitivity and specificity values are also determined by the disease distribution of the study population.5 A sample population with a high frequency of mild disease will be distributed centrally near the threshold values where scatter is more likely to lower sensitivity and specificity. The sensitivity and specificity found in one population may not apply to a different population. To overcome these limitations, analysis of test results as continuous variables has been proposed. 6 Finally, recent reports by Marcus and others7,8 have indicated that percent diameter narrowing is not an adequate standard for quantifying stenosis severity in clinical studies. It does not account for the effects of diffuse disease, inherent eccentricity, stenosis length, viscosity, cross-sectional area, entrance and exit angles, and absolute dimensions on flow impedance; and it is limited by substantial interobserver and intraobserver variability.9-11 Proposed alternative approaches include quantitative arteriographic methods based on the Brown-Dodge method12 to calculate stenosis flow reserve13 and direct measurement of coronary flow velocity by Doppler catheter. 14 In an earlier study, Wijns and colleagues15 used quantitative arteriographic and direct physiologic measurements to assess the accuracy of planar 201T1
imaging, but they retained the conventional threshold criteria to classify arteriographic severity and perfusion defect severity as positive or negative. The feasibility of clinical PET perfusion imaging has also been addressed in previous work by Schelbert and colleagues16 and, with quantitative arteriographic flow reserve, by our group.17 These studies also retained the binary classification system and involved small numbers of patients.
The purpose of the present study was to reevaluate the accuracy of positron perfusion imaging in assessment of coronary disease severity with scales covering the range of disease severity rather than binary classification, direct correlation rather than sensitivity-specificity analysis, and quantitative arteriographic flow reserve rather than percent diameter narrowing, in a large series of patients.
Methods

Study Patients
Subjects consisted of 193 patients (143 men, 50 women) undergoing diagnostic cardiac catheterization. The patient sample included 50 patients previously reported in a study where binary classification and sensitivity-specificity analysis were used.17 Clinical indications for arteriography included chest pain syndromes, myocardial infarction, abnormal stress tests, coronary angioplasty, thrombolytic therapy for acute infarction, evaluation before renal transplant, before and after cholesterol lowering programs, or as part of screening feasibility studies.
Sixty-six patients were clinically diagnosed as having a previous myocardial infarction. From an initial group of 209 patients, 12 early patients were excluded because part of the heart was not imaged due to positioning error, and four PET images were not interpretable due to camera or computer malfunction. Patients were not enrolled if there was evidence of unstable angina or active bronchospasm with theophylline bronchodilator therapy, which are contraindications to intravenous dipyridamole. After informed consent was obtained, coronary arteriography and PET imaging were performed according to protocols approved by the University of Texas Committee for Protection of Human Subjects.
Quantitative Arteriography
Cineangiographic frames of orthogonal views were digitized for each stenosis involving a major artery, including diagonal, obtuse marginal, ramus intermedius, and acute marginal branches. Absolute and relative stenosis dimensions were measured with a computer program providing automatic detection of vessel borders (Figure 1) , with an accuracy of ± 0.1 mm. The theory and equations for predicting stenosis flow reserve from these dimensions have been described previously.13"18 In brief, the coronary perfusion pressure distal to each stenosis was calculated as a function of flow'9'20 according to the equation:
where Pcor is distal coronary pressure, PAO is aortic pressure, Q is flow, f is 8piTL/As2, s is p((1/A)-(1/ A0))2, A, is minimum absolute area, An is absolute area of normal adjacent artery, ,L is blood viscosity, p is blood density, and L is stenosis length.
This relation, shown as the curved line in Figure 1 , lower panel, was compared with the known pressureflow relation for conditions of maximal coronary vasodilation, shown as the diagonal line. Stenosis flow reserve (SFR) was defined as the intersection of these two relations (i.e., flow at maximum coronary vasodilation) relative to rest flow, under standardized hemodynamic conditions. In comparison with direct measurements by electromagnetic flow meter, the 95% confidence interval was ±0.66 with a reproducibility of 2-3%. 13 The advantages of SFR over other methods of describing stenosis severity have been discussed in detail in a recent editorial. 21 Coronary arteries were considered normal ifpatent bypass grafts supplied the arterial bed (two patients). Five patients having their PET study after acute myocardial infarction, with normal coronary arteriography after revascularization of chronic occlusions, were considered to have total occlusions for the purposes of patient-by-patient analysis. Infarctrelated stenoses of 19 patients who had undergone acute revascularization were excluded from this analysis because the residual stenosis severity would not be comparable to the variable degree of resultant perfusion defect; the remaining stenoses in these patients were included in the regional analysis. and 111 received 13N ammonia. The tracer was injected through a 20-gauge catheter inserted into an antecubital vein. To allow for blood pool clearance, there was a 1-minute delay after 82Rb and a 3-minute delay after ammonia administration. After this delay, data were acquired for 5-8 minutes for 82Rb and 15-20 minutes for 13N ammonia. After isotope decay, 10 minutes after administration of the first dose of 82Rb or 40 minutes after 13N ammonia, dipyridamole (0.142 mg/kg/min) was infused for 4 minutes. Two minutes after the infusion was completed, 25% of the predetermined maximal handgrip was begun as described by Brown.26 At 8 minutes from onset of the infusion, a second dose of the same amount of the same tracer was injected, and imaging was repeated. Data were acquired over the same period. Radiation doses involved in these procedures have been described previously.27-29For those patients developing significant angina, aminophylline (125 mg) was given intravenously.
Image Interpretation
As previously described,17 rest and stress images with nine tomographic slices each, were displayed in an isocount color format. This format consisted of five primary colors (white, red, yellow, green, and blue) in order of highest to lowest counts, each divided into 3% gradations of shade. Images were visually interpreted by two independent readers (KLG, RAG) blinded to clinical data. In two cases, only one interpretation was available due to loss of data files. Rest and stress images were displayed either side-by-side or superimposed with adjustable color scales ( Figure 2 ).
Seven regions of each cardiac image (anterior, apical, anteroseptal, posteroseptal, anterolateral, posterolateral, and inferior walls) were evaluated. Perfusion defects, defined as regions of subjectively lower counts in at least two contiguous slices compared to the remainder of the heart, were graded on a 0 to 5 scale defined as normal (0), possible (1), probable (2), mild (3), moderate (4) , and severe (5) defects, respectively. One score was assigned to each region. Each step of the scale corresponded to approximately one primary color step. For example, in general, a red region adjacent to a white region was not considered a definite defect; however, yellow adjacent to white was considered a definite defect. Relative size of the defect was also included in assigning the scale to allow for pixel noise. The average of the two readings was taken for each region, in effect resulting in an 11-point scale (0 through 5 in 0.5 increments) of PET defect severity.
Interobserver Differences in PET Scan Interpretation PET defect scores assigned to each region by the two readers were compared for variability according to the criteria shown in Table 2 . A similar method has been used to assess interobserver differences in interpretation of thallium perfusion images.29 Due to overlap of some portions of the seven cardiac regions defined above, minor differences in the description of regions contiguous to a large defect were allowed. For example, if a defect were described by one reader as having a grade 4 defect in the anterior, apical, and anteroseptal regions and 0 in the anterolateral region, whereas the other reader assigned a score of 4 to all four regions, then the readings were considered in essential agreement despite the difference in scores for the anterolateral region.
In eight cases, the qualitative interpretations differed markedly, and the readings were repeated independently. On repeat reading, the interpretations remained in disagreement except in two cases. The new readings were used for these two patients. For the other six, a mean of the divergent scores was used, as for the remaining patients. Comparison of PET defect location with site of coronary artery narrowing for patients with one-vessel disease with SFR < 4.
Analysis
To determine the relation of PET defect severity to stenosis flow reserve, two analyses were used. First, the PET defect score was compared with its presumed corresponding artery for each defectstenosis pair. Only the most severe stenosis was considered for each artery, and patients with neither stenoses nor PET defects were counted as only a single data pair rather than three pairs to prevent overweighting the extreme normal end of the scale. The anterior, septal, and anterolateral regions were associated with the LAD; the posterolateral region was associated with the circumflex; and the inferoposterior region was associated with the right coronary artery. Diagonal and ramus intermedius branches were associated with the same region as the LAD. Second, because it may be difficult to determine with absolute certainty which artery corresponds to a given region, the data were also analyzed by comparing the most severe PET defect with the most severe SFR for each patient. The nonparametric rank correlation coefficients, standard errors, and confidence intervals were 
Results
Coronary Arterography
Coronary artery stenoses with flow reserve values less than 4 were found in 137 patients. Thirtyseven of these patients had stenosis flow reserve values between 3 and 4, consistent with mild disease. Fifteen had myocardial infarction with revascularization. Occlusive disease was present in 34, involving 42 vessels.
PET Defect Severity Versus Stenosis Severity for Each Artery
For the 243 stenosis-defect pairs among the 193 patients, PET defect score was compared with arteriographic severity of the corresponding coronary stenosis (Figure 3, top) . With increasing impairment of flow reserve, subjective PET defective severity increases. Although there is wide scatter, a PET defect score of 2 or more, indicated by the vertical line in Figure 3 , top, is highly predictive of significant flow reserve impairment (SFR<3). PET score rank correlated significantly with SFR (r =0.63±0.08).
Linear regression yielded the equation:
predicted SFR = 3.91 -0.55 (PET defect rank) with standard errors for the coefficients of 1.4 and 0.04, respectively. This regression equation is provided for description rather than for calculations; because of the scatter in the relation, direct calculation of any individual value of SFR from PET defect score would not be accurate. Mean values are shown for clarity because of overlap of the large number of data points; regression was performed with the raw data. Although the correlation coefficient is negative, the slope is positive in Figure 3 , top, because the vertical scale was reversed in the figure for convenience so that SFR would parallel stenosis severity.
PET Defects Compared With Arteriographic Severity for Each Patient
To determine whether PET defects identify patients with coronary disease, irrespective of location, the SFR of the most severe stenosis was compared to the score of the most severe PET defect for each patient over the entire range of disease severity (Figure 3, bottom) .
As in the preceding figure, increasing impairment of flow reserve corresponds to increasing PET defect severity. Although there is wide scatter, a PET defect score of 2 or more (indicated by the vertical line in Figure 3 , bottom) is predictive of significant flow impairment (SFR<3). The SEMs are larger for the middle range of stenosis severity (from 2 to 4) than for the extremes. This is attributable in part to the smaller numbers of PET defects in this range. In addition, several of these defects correspond to lesions in diagonal arteries or in distal portions of the larger arteries, affecting small regions of myocardium. The severity of such small defects Figure 3 , top, mean values are used for clarity; regression was performed with the raw data. The problem of false-positive scans is described below.
Special Cases and Exceptions
One patient with a long intramyocardial portion or "muscle bridge" of the proximal left anterior descending artery had a moderate PET defect of the anterolateral wall. Two patients had defects of the resting PET scan which normalized with stress; one of these two patients had an arterioatrial fistula; the other had no evident coronary disease.
Results of nine patients deviated significantly from the pattern. Two patients with minimal stenosis severity (SFR. 4 Table  1 . For patients with multivessel disease, 55 of 77 had multiple PET defects. In patients with mild or significant right and left circumflex coronary stenoses, five of 11 inferoposterior defects had associated lateral defects. In combined LAD-RCA disease, 11 of 13 patients had both anterior and posterolateral defects. Overall, anterior PET defects were associated with LAD or diagonal disease and posterior defects were associated with either left circumflex or right coronary disease.
Rest PET Defects Compared With Myocardial Infarction
Sixty-six patients had a clinical diagnosis of previous myocardial infarction. Fifty-one (77%) of these had resting PET defects and 18 of these had additional or more severe defects with stress. Fifteen patients with previous infarction had normal rest scans. Of these 15 exceptions, eight had undergone acute intervention with intravenous or intracoronary thrombolytic agents and/or transluminal balloon coronary angioplasty. Another five of the exceptions had non-Q wave infarctions only. The remaining two had well-developed collaterals.
Rest PET defect severity was less than two in 100 of 127 patients (79%) with no clinical diagnosis of myocardial infarction. Eight of the 27 exceptions had complete occlusions of at least one epicardial coronary artery. Three had regional wall motion abnormalities documented by gated nuclear or contrast ventriculography. Another eight had severe coronary stenoses, with SFR values less than two. There was no evidence of previous infarct in the remaining eight patients with abnormal rest scans; in two of these eight patients, scans normalized with stress, and the remaining six had abnormal stress scans as well. Interobserver Differences in PET Scan Interpretation In 82% of rest scans and 83% of stress scans, the two numeric scores were in agreement ( Table 2) . For 89% of patients, readers agreed on the overall interpretation of the presence (PET score >2) or absence of defects (PET score < 2) in the rest/stress scans. Disagreement most often involved the apex and inferoposterior wall. Forty-eight of 75 rest scans with identical readings were normal, and 40 of 59 stress scans with identical readings were normal.
Comparison With Thallium Scintigraphy
This study did not specifically compare PET imaging to other, more widely available, methods such as 01TI scintigraphy. Available data are not directly comparable because of the limitations of sensitivity/ specificity analysis described in the introduction.
One recent study, by Zijlstra and colleagues,30 reported the sensitivity and specificity of exercise thallium compared with radiographic coronary flow reserve in 38 patients with one-vessel disease. It is not directly comparable because of major differences in methods, including binary classification, number and selection of patients, coronary flow reserve compared with stenosis flow reserve, and exercise compared with dipyridamole stress. However, this is the only previous study, to our 
Discussion
The accuracy of positron perfusion imaging of the heart has been reported in previous studies of the feasibility of clinical dipyridamole-PET imaging. Schelbert lower limits of the 95% confidence intervals are 77% and 66%. The lower limits of the 99% confidence intervals are 71% and 56%. The overlap of these wide confidence intervals with the sensitivity and specificity values reported for planar thallium imaging, and even electrocardiographic exercise testing, indicate the need for larger numbers of patients for statistical accuracy. The present study differs from earlier reports of perfusion imaging accuracy in the combined use of quantitative arteriographic stenosis flow reserve rather than percent diameter narrowing as the gold standard, the large number of patients, and the use of correlation rather than binary sensitivity-specificity analysis.
Stenosis Flow Reserve Compared With Coronary Flow Reserve
It is important to distinguish stenosis flow reserve,33 which is calculated from static quantitative arteriographic dimensions, compared with coronary flow reserve, which is derived from direct measurement of the instantaneous ratio of hyperemic to rest flow. Coronary flow reserve depends on perfusion pressure, coronary venous pressure and/or arteriolar tone, and strength of the hyperemic stimulus; two stenoses of exactly the same geometry may have entirely different values of coronary flow reserve in different patients, or even in the same patient under different hemodynamic conditions. SFR, in contrast, is independent of hemodynamic conditions. It describes the conductance of the stenosis itself as if the arterial segment were excised and studied in vitro under controlled conditions. In the present application, this feature is advantageous because it allows comparison between patients. Neither measurement is superior; each measures a different aspect of the stenosis, and each is applicable to a different clinical question.
Stenosis Flow Reserve Compared With Diameter Narrowing
The advantages of SFR over percent diameter narrowing, including the use of all relevant dimensions and absolute dimensions to allow for diffuse disease, have been described previously. 21 To assess the importance of dimensions other than percent diameter narrowing that enter into the equation for stenosis flow reserve, calculated SFR was plotted as a function of percent diameter narrowing for the first 100 patients (Figure 4) . Further patients were not included because of overlap of data points. The scatter in this relation represents the effect of factors other than relative diameter, such as length, absolute cross-sectional area, and expansion angle, that determine stenosis flow reserve.
These data reveal important limitations of the use of percent diameter narrowing as the sole indicator of stenosis severity, even when it is measured accurately. For arteries with 50% diameter narrowing, stenosis flow reserve ranges from 2.8 to 4.5. The spread is even wider for 60% narrowing. Many stenoses with more than 50% diameter narrowing have only mild or minimal reduction in SFR. Of 107 stenoses with more than 50% diameter narrowing, 30% had only mild SFR reduction (SFR.3), and 8% had nearly normal coronaries (SFR.4). Thus, truenegative perfusion scans associated with such lesions would be labeled as false-negative, if 50% diameter reduction alone were used to define significant coronary disease. In some studies, the criterion for significant coronary stenoses is 75% diameter narrowing. This cut-off point, or even 70% diameter narrowing, classifies a large number of stenoses with a significantly reduced SFR as negative. One third of stenoses with less than 75% diameter narrowing had significantly reduced stenosis flow reserve (SFR <3), and 16% of these were severely narrowed (SFR < 2). As a result, true-positive scans associated with such lesions would be labeled as false-positive, were 75% diameter narrowing alone used to define significant coronary disease. PET Defect Severity Compared With Stenosis Severity PET defect severity correlated significantly with arteriographic stenosis severity in both the regional and patient-by-patient analysis. However, there was considerable scatter in these relations which may be attributable to the subjective scoring of PET defects or other limitations described below.
Rest PET Compared With Myocardial Infarction
The relation between PET defects and myocardial infarction has been previously described in a smaller group of patients. 34 The present results confirm that resting perfusion defects seen by PET correspond to clinical myocardial infarction.
Interobserver Agreement
Interobserver disagreement occurred primarily in scans of patients with mild coronary disease and those with small defects. The finding of 75% and 76% identical or essential agreement for rest and stress scans, respectively, is comparable with the 79% exact or essential interobserver agreement reported for 20`TI images with a slightly different analytic method.27
Potential Limitations
The use of a subjective scoring method for PET defect severity most likely accounts for much of the scatter in the relations in Figure 3 . Quantitative methods for describing PET defect severity have been described, such as measurement of relative myocardial perfusion reserve. 35 However, this technique was not practical for the large number of patients in the present study because it requires subjective border delineation for regional analysis and assumes the presence of a normal region of myocardium in each patient. 
